Objectives: The objective of this study was to compare the image quality and radiation dose of chest CT images reconstructed with a blend of adaptive statistical iterative reconstruction (ASIR) and filtered back-projection (FBP) with images generated using conventional FBP. Methods: Patients with chest CT re-examinations were alternately assigned to two scanners with different reconstruction techniques. The study groups included noise index (NI) 11 with 30% ASIR (A30), NI 13 with 40% ASIR (A40), NI 15 with 50% ASIR (A50) and NI 17 with 60% ASIR (A60), sequentially changed every 2 months. The control images were obtained using FBP and NI 11. All acquisitions were performed with automatic dose modulation. Paired t-test and non-parameter test were applied to compare the difference. Results: The radiation doses were significantly lower in the examinations that used ASIR (p,0.001). The mean dose reduction rate was 27.7%, 45.2%, 57.1% and 71.8% for Groups A30, A40, A50 and A60, respectively. The image quality of Groups A30-A50 was not inferior to that of the control examinations. The image noise of Group A60 was greater and subjective image quality was inferior to that of the control. Conclusions: ASIR enabled the use of a higher NI with automatic dose modulation. With 50% ASIR and a NI of 15, the effective radiation dose was reduced by 57%, without compromising image quality.
The rapid development of imaging techniques has led to a remarkable increase in the use of CT. A 2007 report [1] estimated that more than 68.7 million CT examinations are performed each year in the USA, more than 20 times the number performed in 1980 (3 million). Furthermore, CT is responsible for more than two-thirds of the total radiation dose associated with medical imaging [2, 3] . When a widely publicised article [4] claimed that the estimated cancer risk attributable to CT radiation in the USA had grown from 0.4% to 1.5-2.0% because of the substantial increase in the use of CT, radiation exposure became the focus of increased concern.
Many efforts have been made to investigate effective methods for minimising the radiation dose associated with CT. The adopted approaches include decreasing peak voltage, using low-current (mA) applications and using high pitch, among others [5] [6] [7] [8] . Automated tube modulation techniques have produced radiation dose reductions of 40-60% without compromising image quality, and are now routinely used with most scanners [9] [10] .
Adaptive statistical iterative reconstruction (ASIR), another approach for minimising radiation, is a unique CT reconstruction algorithm based on raw pixels compared with the routine use of filtered back-projection (FBP). Theoretically, ASIR is a potential reconstruction algorithm to reduce radiation dose with no effect on image quality [11, 12] . In a study on coronary CT angiography in a large multicentre cohort, ASIR enabled a reduced tube current and a lower radiation dose than FBP, and preserved signal, noise and study interpretability [13] . Preliminary studies of chest and abdomen CT examinations have shown that ASIR images had better image quality and less image noise at a lower radiation dose than images acquired with a conventional FBP reconstruction algorithm [14, 15] . In this study, we evaluated the subjective image quality, image noise and radiation dose of chest CT images with automated tube modulation techniques reconstructed with a blend of ASIR and FBP compared with conventional FBP for the same patient group.
Methods and materials
Authors with no financial ties to GE Healthcare had complete, unrestricted access to the study data and unrestricted control over the data during the study. Our prospective clinical study was approved by the human research committee of our institutional review board.
Subjects and methods
The local institutional review board approved this study with a waiver of informed consent. The participants were all adult patients with solid tumours who underwent restaging, evaluation of treatment effect or routine follow-up re-examinations with chest CT scans between 1 September 2010 and 9 April 2011.
The clerical booking team alternately scheduled patients to one of two 64-MDCT scanners. One scanner (DiscoveryH HD 750; GE Healthcare, Waukesha, WI) was equipped with both ASIR and FBP image reconstruction algorithms. This scanner was capable of generating images with a mix of ASIR and FBP reconstruction algorithms varying from 10% to 100% ASIR in 10% increments. The researcher prospectively designed the reconstruction parameters, including ASIR and noise index (NI; quantum noise level in the image data regulated and desired by the user). We adopted NI 11 with 30% ASIR (A30; based on recommendations from the vendor and the results of initial image quality assessments), NI 13 with 40% ASIR (A40), NI 15 with 50% ASIR (A50) and NI 17 with 60% ASIR (A60). The reconstruction parameters sequentially changed every 2 months, while the other parameters remained constant. For the first few days that the new parameters were adopted, two experienced radiologists reviewed the CT images to ensure their quality. When the quality of the images significantly decreased, the study was stopped. On the fourth day after A60 was adopted, we stopped the study.
The other CT scanner (LightSpeedH VCT; GE Healthcare) was equipped with only a conventional FBP reconstruction algorithm and NI 11 was used as the control.
CT data acquisition
The scanning range of the two scanners went from the supraclavicular space to the upper abdomen, including the bilateral adrenals.
The image acquisition parameters were as follows: tube potential, 120 kV; variable tube current (10-300 mA for the Discovery HD 750 and 50-400 mA for the LightSpeed VCT) determined by x-, y-and z-axis dose modulation; pitch, 0.984:1; table speed, 39.37 mm per gantry rotation; detector configuration, 6460.625 mm; reconstructed slice thickness, 5 mm; reconstructed interval, 5 mm; gantry rotation time, 0.8 s; field of view appropriate to patient size; and standard (mediastinal) and bone (lung) reconstruction kernels.
For contrast-enhanced CT, a mechanical injector (StellantH; Medrad, Warrendale, PA) was used for the intravenous bolus injection of non-ionic contrast material (iohexol) with a concentration of 300 mg ml 21 iodine. 60-70 ml of contrast material was injected at a flow rate of 2.5 ml s 21 and a fixed start delay of 30 s.
Recruiting criteria
The following recruiting criteria were used: (1) the patient had undergone at least one CT examination on each of the two CT scanners; (2) all of the CT examinations of the same patient had either employed contrast medium or had not. If more than one CT examination had the same parameters, then the experimental exam scanned closest to the control one was chosen for the study.
Thoracic CT image analysis
Images obtained with a mediastinal window (window width, 450 HU; window level, 45 HU) and a lung window (window width, 1500 HU; window level, 2500 HU) were reviewed at a picture archiving and communication systems (PACS) workstation with all patient and scanner demographic data removed. Two radiologists who had 15 and 10 years of work experience assessed the image quality independently. The readers did not review any previous or subsequent images of any patient, regardless of indication or the presence or absence of a pathological condition. Mediastinal images were assessed with attention to visualisation of the mediastinum, aorta, pulmonary vasculature and chest wall. Lung images were assessed with attention to the bronchial walls and vessels. Image quality problems caused by respiratory motion, patient motion and degree of contrast opacification of the contrast-enhanced images were ignored.
The following three-point Likert scale was used to evaluate image quality [14] . A score of 1 (non-diagnostic) was defined as severely impaired image quality caused by excessive noise, poor delineation of the bronchiolar and/or mediastinal vessel margins, degradation that impeded parenchymal evaluation, and considerable image noise in the chest wall and mediastinal structures. A score of 2 (suboptimal) indicated moderately reduced image quality with limitations in the bronchiolar and/or mediastinal vessel margin delineation, and image noise that limited the evaluation of the pulmonary parenchyma. A score of 3 indicated good image quality without degradation of the bronchiolar and/or mediastinal vessel margin delineation due to image noise and depiction of the pulmonary parenchyma and mediastinal structures that allowed evaluation without substantial noise-related degradation. The recorded image quality score for the examination was the lowest score after review of all mediastinal and lung images.
We measured the noise of the PACS images by placing an oval or circular region of interest .1.0 cm 2 in the centre of the descending thoracic aorta at the level of carina in the mediastinal images (Figure 1 ). The mean CT value and the standard deviation (SD) from the region of interest were recorded. The mean value for this homogeneous soft tissue was interpreted as the signal, and the SD was interpreted as the noise.
According to department protocol, a screen capture of the scanner console protocol page was sent to the PACS system. This protocol page was reviewed in a separate reading session to record the scan length, the volume CT dose index (CTDI vol ) and the dose-length product for each CT acquisition. We converted the dose-length product to an effective dose in millisieverts by multiplying it by the thoracic conversion factor of 0.017 mSv mGy 21 cm 21 [16] .
Statistical analysis
The paired Student's t-test (SPSSH for Windows, v. 11.5; SPSS, Inc., Chicago, IL) was used to compare the range of the CT scans and the effective doses between groups. A non-parametric test of two related samples (the Wilcoxon signed-rank test) was applied to compare the image signal-to-noise ratio (SNR), noise and image quality grades. p,0.05 was considered statistically significant.
Results
81 patients (42 females and 39 males; age range 20-82 years; mean 56 years) with a total of 199 examinations were recruited into this study. Each patient had 2-4 examinations (48 participants had 2 examinations, 29 had 3 and 4 had 4). All of the patients had control examinations with FBP reconstruction. The number of cases in Groups A30, A40, A50 and A60 was 34, 30, 34 and 20, respectively. 67 patients underwent contrast-enhanced CT examinations, and 14 received plain scans.
Radiation dose
The mean scan lengths for each group and their corresponding control examinations are listed in Table 1 . Table 2 ). The mean dose value of CTDI vol for each group and the corresponding control group are shown in Table 3 .
Image characteristics
The SNR and noise values of the CT examinations employed contrast medium are listed in Table 4 . The mean SNR of the images of Groups A30, A40 and A50 was not different from that of the control group. The mean SNR of A60 was lower than that of the control group with a marginal significance (p50.07). The image noise of A60 was greater than that of the control group (p50.001).There were no significant differences between A30/A40/A50 and the control group (Figure 2 ).
Image scores
Detailed scores of two readers are shown in Table 5 . The k-value is 0.214 (p50.001) with agreement in 88.9% (177/199) of cases. There were no cases scored as 1 by either reader. All of the images in the control group were scored as 3 by both observers. Detailed scores of Reader 2 are shown in Table 6 . The study group of A50 and A60 showed significantly lower scores than their controls (p50.014, p50.005).
Discussion
Strategies for CT radiation dose optimisation include tube current modulation, body mass index-based tube voltage reduction, decreased scan length and low tube current scanning [17] . Automated tube modulation techniques are now routinely used on most scanners to reduce radiation doses [9, 10, 18] . Owing to inherent density differences in the chest, chest imaging with automated tube modulation is advantageous and routinely used in clinical practice.
In recent years, several studies have shown that, in addition to other accepted methods, ASIR is a useful dose reduction tool for chest or abdomen CT [11] [12] [13] [14] [15] [19] [20] . Theoretically, with ASIR, it is not assumed that noise is evenly distributed across the entire image, unlike with FBP. ASIR consists of two steps. First, the iterative reconstruction algorithm synthesises forward projection for each X-ray projection angle, considering the actual CT scanning process, in which X-ray photons originate from a finite focal spot area and reach detectors after traversing through the object being scanned. Subsequently, the error between this forward projection and the scanner-acquired raw projection data is backprojected to update the image. During this process, statistical information can be incorporated into the measurement, which results in a less noisy image.
NI is one of the important parameters related to image quality with automated tube modulation. With FBP, it is difficult to balance the radiation dose and image quality. If a high NI is adopted, a lower radiation dose will be obtained, but image noise will increase accordingly. The results of this study showed that ASIR allowed the use of a higher NI, which reduced the tube current and radiation dose and allowed the generation of images with significantly reduced noise without compromising image quality.
This study showed the ED of each group with a combination of ASIR and FBP and corresponding increased NI was significantly lower than that of the control group, which had complete FBP reconstruction. The mean ED reduction rate in Group A50 was 57.1%, and the maximum was 77.0%. The mean ED reduction for Group A30 was 27.7% of the conventional FBP reconstruction with the same NI. This result is consistent with the findings of Prakash et al [20] , which showed that ASIR was associated with an overall mean decrease of 27.6% in ED. When the ASIR ratio increased from 30% to 50% and the NI correspondingly increased from 11 to 15, the image quality remained stable and diagnostically useful, and the total ED further decreased by approximately 30%. In total, more than a 50% ED reduction was attributable to ASIR. This study confirmed the important role that ASIR plays in ED reduction.
The SNR and noise for Groups A30-A50 showed no difference from the control groups ( Figure 2 ). The noise of Group A30 was lower than that of the control, with the same NI, although no significance was obtained (p50.086). We noted that the noise of A60 was greater than the value of the control group. The SNR of A60 was 10% lower than that of the control group, with p50.07. The subjective score showed that image quality of Groups A50 and A60 was inferior to the corresponding control groups, but for most (82.4%) cases in Group A50 image quality was good, while for 40.0% of cases in Group A60 image quality was suboptimal. Further analysis of images scored as 2 showed impaired image quality manifesting as the obscure delineation of the heart and vessels in the mediastinal window. However, the bronchioles and the depiction of the pulmonary parenchyma or vessel margins in the lung field did not degrade, which may be attributable to the obvious natural contrast between air and vessels ( Figure 3) . This study validated ASIR as an effective dose reduction tool, which was also proved by previous studies on the chest [14, 20] . Mitsumori et al [21] have studied the usefulness of automated current modulation for liver imaging. To our knowledge, there were few articles studying the concurrent changes in ASIR and NI using automatic tube current modulation for the chest. (a) (b) Our study demonstrated that mean ED acquired with NI 15 and 50% ASIR decreased by 57.1% compared with that obtained with NI 11 and conventional FBP, without obvious decreased image quality. These results provide useful references for ASIR applications with automatic tube current modulation. Because this study was conducted with the same group of patients, patients' weight and body morphology could be ignored, and the results could be used to accurately evaluate the dose reduction of a blend of ASIR and FBP. Another advantage of this study is that it was conducted during clinical practice and did not expose patients to additional radiation.
There are limitations to our study. First, we did not investigate the dose with complete FBP for the Discovery CT750 HD scanner to examine the dose reduction attributable to the hardware and software. Another shortcoming of this work was that we did not investigate the optimal ratio of ASIR to FBP. Nevertheless, our study showed that ASIR allows the use of the higher NI of 15, which was helpful for significantly reducing the radiation dose without impairing image quality. In addition, this study did not consider patient weight change over the course of the study period.
In conclusion, when automatic tube current modulation is adopted, chest CT scans with ASIR allow the use of a higher NI. With an ASIR of 50% and an NI of 15, the effective dose was reduced dramatically, without significantly compromising image quality. This preliminary study validated ASIR as a useful tool to lower radiation doses with a low-dose acquisition mode. Much work remains to be done to optimise the blend of ASIR and FBP and further investigate the maximum noise index.
